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(57) ABSTRACT

A low-temperature plasma treatment 1s applied to a surface of
an aramid paper so as to allow the surface to have a compo-
sitional atomic ratio X (O/C) of the number of oxygen atoms
(O) to the number of carbon atoms (C) ranging from 110% to
220% of a theoretical atomic ratio. The treatment 1s per-
formed at an intensity ranging from 120 to 1500 W-min/m”
with a low-temperature plasma treatment apparatus of inter-
nal electrode system. The aramid paper 1s superposed with a
nonhydrolyzable resin film and the resulting article 1s pres-
surized to give an aramid-resin {ilm laminate. The laminate 1s
inexpensive, has both superior electrical properties and high
mechanical strength, excels 1n elasticity, and 1s useful as an
insulation materal.

11 Claims, 4 Drawing Sheets

GAS
(4 100 : L OW-TEMPERATURE PLASMA
[ TREATMENT APPARATAS
107 _~L
108 ST P 105
—i R
(F) 102 | 1
| 104
1 ] 110 RANWT
| _ ¥
1G9 | 111
O O o G o %)
| 3 | G '
P T eXHAUST GAS

106



US 8,709,193 B2

Page 2
(56) References Cited GB 2 053 026 2/1981
P 60-63158 4/1985
U.S. PATENT DOCUMENTS JP 063-139707 6/1988
P 2-49035 2/1990
5,124,173 A 6/1992 Uchiyama et al. JP 5-58263 8/1993
5,259,306 A 11/1993 Jenkins et al. JP 6-256733 9/1994
5316834 A * 5/1994 Matsudaetal. ............. 442/247 JP 006-305089 11/1994
5,380,180 A 1/1995 Lamb, Sr. JP 07-32549 2/1995
5,543,017 A 8/1996 Uchiyama et al. JP 07-299891 11/1995
5,895,547 A 4/1999 Kathrein et al. IP 08-99389 4/1996
6,929,848 B2 82005 Samuels et al. JP 09-169055 6/1997
7335276 B2 2/2008 Kawka et al. P [1-209434 8/1999
7341,792 B2 3/2008 Zinbo et al. P 2003-246018 9/2003
o P 2008-007875 1/2008
7,927,461 B2* 4/2011 Yokuraetal. ................. 162/192 P 5009-1383 17 69005
7,967,941 B2* 6/2011 Nakanishietal. ......... 156/299 WO WO 03/00686 111003
2004/0071952 Al 4/2004 Anderson et al. WO WO 2004/03 1466 42004
2004/0072000 Al 4/2004 Kawka et al. WO WO 2007/060979 512007
2008/0000599 Al* 1/2008 Yokuraetal ............... 162/146
2008/0182098 Al* 7/2008 Nakanishietal. .......... 428/326 OTHER PUBLICATIONS
2009/0258207 Al  10/2009 Miyaji et al.

JP Office Action of Appln. No. 2009-248098 dated Dec. 6, 2011 with

partial English translation.
JP Office Action of Application No. 2008-196704 dated May 12,

FOREIGN PATENT DOCUMENTS

EP 1 249 340 10/2002 2009.
EP 1 873 307 1/2008
EP 1958 766 Al /2008 * cited by examiner




U.S. Patent Apr. 29, 2014 Sheet 1 of 4 US 8,709,193 B2

FIG. 1

GAS
! 100 : LOW-TEMPERATURE PLASMA
‘[ TREATMENT APPARATAS

108

102 .

| {04
| F _
I 109 - 110 \y 116 ] 111
O O . / O o)
f 110

||
+
. ® | & '
é 110 10 o~ 4, Hoe Q

, — TXHAUST GAS

106




US 8,709,193 B2

Sheet 2 of 4

Apr. 29, 2014

U.S. Patent

11

-
hnal

- O B gy N e

12
|
i
i'
i

ra 1IFdFf1Fn
-.m I.-__-.ﬁ-. h-.ll.llI-...-.-.-.m.-_.
LN mEEpFFER FA PR u.E b BN RE bdaw i
L EEAFE g LERY ENES NS EE RRENE]
. EEREN R EkE Mbasapgpgurrn il aman, i
rFFFEFkrwwpr B0 ks lll.llll‘ﬂ.ql.-.-.-llll- 9
L R A S I AaRdissdkserEafiarmenp
R R Rl NN NN AN EE NN [N N R RN R N [ 11k TR EE
LN R I R I N R R R L N NI R T R, i a reares AR A NN NS RN
rFrFrEFRFI Rl LAV RATaangeqg iR Bl g bl A 1lddd smm oy ki hans g e dkim 1 g A BB N
 EEREREREYEEEERENNNY ] LER AT NR N Y N LAY ‘ARl bumypy Rt ERi iR RS kR F R ER TR E 1
I ENEEFERERNEFEEE NN NN NEE) s B0 R T B hd B Jpp g aE ArkEkEFf Ly rai b By Ehyperd 04 Ekiap g gy L
LR EERE RN LN RN IR REREENERN Waweme ' r 1 an b b dnn'n ng ] I BE RN NN NN Y NN INEE EE N AR RREEER LN L]
LR LR R RN R R R R R R RN RN NN T E T R R N R ERE, g AP IR rbFR It FYFIFEFFYEREING b - [ 3
*Y AR mNR] BN ddbnrrrEEEunl -_._..l-__-._“.”-.ﬂ_-.-_r.._“_-lr.l--.-_.-..-__..__-_ i aaEELARALLEPRF LN IGYED KN RN TN NI L gy -+ »
arsen ARl ddbhpjppramumum RPNl by A A A m NN Ak d APy g BRI LIN IO *A By B0 N bmpygpygn [ | ]
lrl_ll-I-r.__-J._.-.-lIilii.m. 1-_.1.-.11.__-..-._-l.ll.l.-_-.-._r.r“.'.tfi_. \ IJ-.-I.--_-T-m—_-I.Il rar I BN B NN NENENREN, [ | [ ]
saeanfliddiaaasrerareunf LA RRERLERNENSEENENENNENY L L F I RS R R EETYREERER RN N L L AN ENET NN NENEYE N L "
LB R ENIENEERNEEREREN:R.LY NN N L AR ERNRRELESEENUINEE SR SN NN w rerFEkin s g ¢ ddwcdaypyggr FER | I I43T8ddddd0 n -
FerFra iR mimnnabkburngni I BN A ENETESENNENENEN NN NFEW NE & AN N NN FEFEF N ETH | [ i ipnad b gunaa -+ 2 "
-.l_._-..-_..-.-..-._-_-._-.l__-_._.__-__ -.-..__-.-ll..--.-nif.-.'_---—..- L] NERRERLEYREER AT RN RN [ lilg i Frr " e R dd4Edhs r "
rusan bl v Ea g bR R ieddd b LN d N RNE.P I N HEY XN N LR RS R R TY " BEEEFE ISR TY . .
L A BN S E NN BN EEEENENEE NS NEENE llllill.l.ll.—.l!!..—.—.-.r.— - mr gt d Ad g gaaaddd apyygyk ™ n.-i FTEEREEREREEEREFERE] - F
srrrecr by rnIRNdi by an I TL RN R RN AREF T, F{vyarifiRanwenadddppinggr . ra s s s I P AN I Nk by i
L RN Y NN NI [ - b FEL LA S g E Firaraaiadinenddd i bk h 144 rEdry FEFEEafEgy r
rirrrfnlod i nd s csmaan AR EFTY FEEERLEER IR R R EREE T Y - 49 FW N BN NN ALy i
ALTdAR L ERLERERNERREFENETEEEERNEERE N ! Tra A AN AR N EERE RN (]
indinag frrr bl pnEpnanldddrprgrr 1 1qw YN N YRR RS R RE, 1
1Ly A A aagpErFrEpri i ldbidansput 1 hw & "R AN E R FE TR 1
appp il s ppadhbpmpyps f N SN REEETEIREEES I
mp:p B A A m N P kb - d & & rilddamraeg &8 ki
BN ERNELEEERENNENNNEY NN NN | | | s FFr i Frrninidl
Pl RN N EE R REE Ay i EEF A PR LR Ry ERLREL
E NS AR AN LA ampEprFra I a"pprna
=" g FFFREFTFRN LB N
i (AR NN NN L B ]

FIG. 3

o

il aa N ——— Em Em =l == eEEEp——— -

————r ar B gl oy W EE—————" - ¢ —EEE.—— G e e———e—— -

by = O el e W



U.S. Patent Apr. 29, 2014 Sheet 3 of 4 US 8,709,193 B2

FIG. 4
{F F
: /////ﬂ

T

2

|
9

rFiG. 5

A ==

7.

bR




US 8,709,193 B2

Sheet 4 of 4

Apr. 29, 2014

U.S. Patent

FIG. 6

20

N\
O
T




US 8,709,193 B2

1

METHOD OF MANUFACTURING
ADHESIVE-FREE LAMINATE OF ARAMID
PAPER AND POLYPHENYLENE SULFIDE
FILM, AND INSULATION MATERIAL AND

INSULATION STRUCTURE FOR ROTATING
ELECTRIC MACHINERY

CLAIM OF PRIORITY

This patent application claims priority from Japanese
Patent Application No. 2008-196704 filed on Jul. 30, 2008,
the entire contents of which are incorporated herein by refer-
ence.

FIELD OF THE INVENTION

The present mvention relates to an aramid paper which
excels 1n mechanical properties, heat resistance, electrical
insulation, and chemical resistance, the aramid paper being
used as an electrical sulating sheet (paper) typically in
transformers, electric motors, and electric generators, and
relates to a method of manufacturing of the aramid paper and

turther relates to a laminate of an aramid paper and a resin
f1lm.

BACKGROUND OF THE INVENTION

Heat-resistant synthetic insulating paper called as “aramid
paper’ has recently been provided as an electrical insulating
material. More specifically, for example, aromatic polyamide
paper 1s known under the trademark of Nomex (registered
trademark) owned by E.I. du Pont de Nemours and Company,
U.S.A. (heremafter, DuPont), such as Nomex #410 and #411.
This aromatic polyamide paper has excellent heat resistance,
high mechanical properties, and satisfactory electrical insu-
lation and has a thickness ranging from 2 to 20 milli-inch
(mil). This aramid paper 1s used as an insulating material for
transformers, electric motors and electric generators all of
which are needed to have high heat resistance belonging to
type H (180° C.) 1n a heat resistance division of International
Electrotechnical Commission (IEC) 85 (1984).

The aramid paper 1s made mainly from pulp-like aramid
(aromatic polyamide) fibrids and heat-resistant aramid short
fibers by a wet papermaking process similar to a method of
making Japanese paper as WASHI. If necessary, the aramid
paper 1s heated and pressurized (calendered) to be commer-
cially available. The Nomex® #410 1s a calendered product,
whereas the Nomex® #411 1s a non-calendered product. Each
of these aramid papers contains a number of voids therein as
normal paper does. Accordingly, the aramid papers necessar-
i1ly have a lower breakdown voltage (BDV: in KV/mm) per
thickness than that of a film having the equivalent quality and
same thickness.

In contrast, a film of polyester (hereinafter, referred to as
“PET film”) such as polyethylene terephthalate or polyethyl-
ene naphthalate has a lower resistance to heat than the aramid
paper and 1s classified into a type E (120° C.) 1n the heat
resistance division of IEC 85 (1984). However, the PET film
has a higher breakdown voltage and 1s more mnexpensive. The
PET film 1s thereby used 1n a wide range for the purpose of
insulation corresponding to the type E or lower types.

Incidentally, insulating materials belonging to the type F
(155° C.) have recently been desired 1n a market. The insu-
lating matenials of the type F do not require so high heat
resistance equivalent to those of type H. Aramid papers have
no problem 1n their heat resistance 1f used in type F but they
are expensive. As a result, development of more mexpensive
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materials has been desired. The following materials (a) to (e)
have been proposed as cost-efiective type F materials:

(a) A multilayer structure of an aramid paper and a PET
f1lm together through an adhesive, in which the aramid paper
has high resistance to heat and to oxidation, and the PET film
has high electrical msulation;

(b) An aramid laminate prepared by layering an aramid
paper and a PET film on each other and pressurizing and
heating the laid aramid paper and PET film under the condi-
tions of temperature ranging ifrom 220° C. to 250° C. and
linear pressure of 50 kg/cm or more so that the laid aramid
paper and PET film are laminated by thermal bonding to give
a laminate (see, for example, Patent Document 1: JP-A No.
HO07-32549 (1995)) . The used aramid paper 1s m-aramid
paper, whereas the used PET film 1s a biaxially oriented PET
film;

(¢) A laminate including 1n order an aramid paper layer
(layer A), a PET layer, and a PET film layer, wherein the PET
layer 1s formed by heat melt bonding to or impregnating into
a surface of the layer A at atemperature equal to or higher than
the melting point of PET. The laminate i1s prepared by the
tollowing processes: layering the PET layer and the PET film
on the surface of the layer A 1n the order these terms appeared,
subsequently melt bonding between the PET layer and the
PET film at a roll temperature of 220° C. to 250° C. and a
pressure ol 50 kg/cm or more, and rapidly cooling them at a
rate of 100° C./minute or more (see, for example, Patent
Document 2: JP-A No. HO7-299891 (1993);

(d) A laminate prepared by layering an m-aramid paper
having a specific gas permeability and a polyester film having
an 1ntrinsic viscosity of 0.6 or more, calendering the m-ara-
mid paper and the polyester film with two calendering rolls
maintained at elevated temperatures which differ from each
other, specifically a surface of the m-aramid paper layer side
roll has a higher roll temperature and a surface of the polyes-
ter film layer side roll has a lower roll temperature, after
calendaring, and cooling rapidly the two layers at temperature
equal to or lower than the glass transition point of the poly-
ester; thereby, the laminate being formed so that the two
layers firmly bonded to each other by impregnating only a
surface layer of the m-aramid paper layer between the two
layers with a molten polyester (see, for example, Patent
Document 3: JP-A No. HO8-99389 (1996)); and

() A prepreg prepared by subjecting a nonwoven fabric
made from aramid fibers to a plasma treatment under normal
atmospheric pressure, impregnating the treated nonwoven
fabric with a thermosetting resin, and heating the 1mpreg-
nated nonwoven fabric to be 1n a “B-stage” (see, for example,
Patent Document 4: JP-A No. H11-209484 (1999)).

The multilayer structure of (a) 1n which the aramid paper
and the PET film are bonded to each other through the adhe-
stve 15 poor 1 workability such as bending workability,
because the adhesive 1s relatively hard and this impairs excel-
lent elasticity originated from the material aramid paper and
PET film. Furthermore, when the multilayer structure 1is
applied to oil-immersed equipment, components of the adhe-
stve may migrate into the oil, whereby the usage of the mul-
tilayer structure 1s limited. The prepreg of (€) 1s prepared by
impregnating the nonwoven fabric made from aramid fibers
with a thermosetting resin. This prepreg also uses the ther-
mosetting resin as an adhesive.

On the other hand, in the aramid laminate of (b) and the
laminate of (¢), the aramid paper and the PET film are bonded
together by heat melt bonding without use of an adhesive, so
that the defect resulting from use of adhesive can be over-
come. In the aramid laminate of (b), however, since the tem-
perature of heat melt bonding 1s approximate to a melting
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point of PET (about 260° C.), variations in the dimensions of
PET film are increased. This results in warpage, shrinkage or

crease 1n the bonded products. Furthermore, the PET tends to
be crystallized partially. As a result, 1t 1s difficult to give
products with stable quality. Since the temperature of heat
melt bonding 1s hi gh in the above laminate of (¢), too, part of
PET impregnated in the aramid paper i1s crystallized and
thereby damage the excellent elasticity.

In the laminate of (d), the polyester 1s melted, and the
aramid fibers or aramid paper 1s impregnated with the molten
polyester. In order to melt the polyester, the polyester must be
heated at a temperature higher than 1ts melting temperature.
Accordingly, the polyester re-crystallizes upon cooling to
decrease its elasticity.

Under these circumstances, an object of the present inven-
tion 1s to provide an aramid paper, and a manufacturing
method thereof, which aramid paper 1s thermally bondable
with a nonhydrolyzable resin film such as a polyphenylene
sulfide (hereimnafter briefly referred to as “PPS”) film at a
relatively low temperature without using an adhesive and
which has high heat resistance. Another object of the present
invention 1s to provide a laminate of an aramid paper and a
resin film, the laminate which has both high heat resistance
derived from the constituent aramid paper and satisfactory
clectrical insulation denived from the constituent nonhydro-
lyzable resin film and which excels 1n elasticity.

SUMMARY OF THE INVENTION

Inventors of the present invention made considerable
research and study 1n order to accomplish the objects, that 1s,
to obtain an aramid paper thermally bondable at a relatively
lower temperature without using adhesives. Consequently,
although 1t had been believed to be impossible to thermally
bond an aramid paper at a low temperature of 200° C. or lower
because of high melting temperature of the aramid of about
320° C., the present inventors surprisingly found that an ara-
mid paper 1s thermally bondable at a low temperature without
using an adhesive, by applying a low-temperature plasma
treatment to a surface of the aramid paper for the purpose of
surface modification. The present invention has been made
based on these findings.

Specifically, according to an embodiment of the present
invention, there 1s provided an aramid paper made mainly
from fibrids and short fibers of an aramid and formed into a
paper. A surface of the aramid paper has been subjected to a
low-temperature plasma treatment so as to be thermally bond-
able directly with a nonhydrolyzable resin film (the invention
of Claim 1).

The reason that the surface of the aramid paper 1s thermally
bondable directly with a nonhydrolyzable resin film, 1s prob-
ably because the low-temperature plasma treatment applied
to the surface of the aramid paper helps to introduce oxygen
atoms 1nto the surface; as a result, COOH groups and OH
groups are added to the surface of the aramid paper, thus
enabling thermal adhesion between aramid papers or between
the aramid paper and nonhydrolyzable resin film.

As used herein the term “aramid paper” refers to a paper
made mainly from fibrids and short or discontinuous fibers of
a poly-m-phenyleneisophthalamide, a copolymer thereot, or
a mixture ol copolymers thereof, by papermaking. No par-
ticular limitation should be provided regarding the copolymer
of poly-m-phenyleneisophthalamide, component to be mixed
with poly-m-phenyleneisophthalamide or blending quantity
unless the properties of m-aramid are spoiled. Exemplary
components to be blended include terephthalic acid, p-phe-
nylenediamine, hexamethylenediamine, and cyclohexameth-
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4

ylenediamine. The m-aramid may turther contain inorganic
salts, additives, and fillers, 1f necessary. Nomex® (trademark
owned by DuPont, U.S.A.) and Teljincomex® (trademark
owned by Te1jin Limited, Japan) are commercially available
currently.

As used herein, the term “low-temperature plasma treat-
ment” refers to a treatment 1n which a DC or AC high voltage
1s applied between electrodes so that a base material to be
treated 1s exposed to discharge such as a corona discharge
under atmospheric pressure or a glow discharge in a vacuum.
The treatment 1s preferably, but not limitatively, performed 1n
a vacuum, because such a treatment 1n a vacuum has a broader
selection range of a treatment gas. Though not especially
limited, exemplary treatment gases include helium (He),
neon (Ne), argon (Ar), nmitrogen (N), oxygen (O), carbon
dioxide gas, air, and water vapor. Each of different treatment
gases may be used alone or 1n combination. Among them,
argon or carbon dioxide gas 1s preferred from the viewpoint of
the discharge starting efliciency. A low-temperature plasma
treatment such as a glow discharge treatment 1s preferred
from the viewpoint of a treating efficiency. In the glow dis-
charge treatment, discharge 1s continued at a pressure ranging
preferably from 0.1 Pa to 1330 Pa and more preferably from
1 Pa to 266 Pa.

The aramid paper may be thermally bondable directly with
the nonhydrolyzable resin film at a temperature ranging from
100° C. to 200° C. at a thermal bonding pressure in terms of
contact pressure of, for example, 50 kgt/cm® to 150 kgf/cm*
(the invention of Claim 2). The plasma treatment applied to
the surface of the aramid paper enables more secure thermal
bonding with the nonhydrolyzable resin film at an extremely
low temperature of 100° C. or igher and 200° C. or lower.

Another embodiment of the present mmvention as men-
tioned below enables bonding between an aramid paper and a
polyphenylene sulfide film even at a further higher thermal
bonding pressure 1n terms of contact pressure than the above-
specified contact pressure range.

Specifically, there 1s provided a method for manufacturing
an electrical insulation laminate (adhesive-free aramid-
polyphenylene sulfide (PPS) laminate) which method can be
performed at a low temperature but under a high pressure.
This method 1s a method for manufacturing a laminate of an
aramid and a poly(phenylene sulfide) without using an adhe-
stve, which includes the steps of: laminating and bonding the
plasma surface treated aramid paper made from an aramid
fiber and an aramid pulp with the plasma surface treated
polyphenylene sulfide film at a roll temperature of 30° C. or
higher but lower than 50° C. under a linear load of 500 kgt/cm
or higher with a pair of press rolls, or at a roll temperature of
50° C. or higher but lower than 100° C. under a linear load of
200 kgt/cm or higher with a pair of press rolls (the invention
of Claim 9).

The nonhydrolyzable resin film for use herein 1s preferably
a polyphenylene sulfide (hereinafter, referred to as “PPS”)
film. PPS does not invite hydrolysis and 1s highly resistant to
heat. The reasons for selecting PPS 1s as follows. An aramid
paper 1s 1mmersed in insulating o1l when it 1s used as an
insulation material typically for electric motors of hybnd
vehicles and for transformers of railway vehicles. In this case,
the msulating o1l contains a trace amount of water, and this
may cause hydrolysis of a resin film bonded to the aramid
paper 1n high-temperature environments. The resin film, 11 of
some type, may be hydrolyzed to invite dielectric breakdown
when the aramid paper with the resin film 1s used over a long
period of time typically 1n electric motors of hybrid vehicles
and for transformers of railway vehicles. The use of PPS as a
nonhydrolyzable resin film provides both high resistance to
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heat and satisfactory resistance to hydrolysis. This enables
the resulting laminate to maintain stable insulation properties
over a long period of time even 1n a severe environment.

According to another preferred embodiment, the thermal
bonding face of the aramid paper has a compositional atomic
ratio X (O/C) of the number of oxygen atoms (O) to the
number of carbon atoms (C) ranging from 110% to 250% of
a theoretical atomic ratio (the mvention of Claim 4). This
gives desired thermal adhesiveness. As used herein the term
“compositional atomic ratio X (O/C)” refers to a ratio of the
measured number of oxygen atoms (O) to the measured num-
ber of carbon atoms (C) as measured on the surface of the
aramid paper through X-ray photoelectron spectroscopy
(XPS). The term “theoretical atomic ratio” refers to an atomic
rat1o as calculated based on repeating units 1 the chemical
structural formula of the resin composition constituting the
resin.

For example, a resin of “Nomex® #4117 (supplied by
DuPont, U.S.A.) type 1s a poly-m-phenyleneisophthalamide,
the compositional ratio among carbon, oxygen, and nitrogen
(C/O/N)1s 14/2/2, and a theoretical atomic ratio (a theoretical
value of the atomic ratio X (O/C)) of the number of oxygen
atoms (O) to the number of carbon atoms (C) 1s obtained as
2/14=0.143 on the basis of carbon (C). A measured value 1s
usually supposed to be smaller than the theoretical value since
a trace amount of hydrocarbon compounds 1s adherent on the
surface.

The research made by inventors of the present invention
shows that desired thermal adhesiveness 1s obtained when the
compositional atomic ratio X (O/C) ranges from 110% to
250% of the theoretical value, that 1s, 1s larger than the theo-
retical atomic ratio by 10% to 150%. The compositional
atomic ratio more preferably ranges from 150% to 230%.
Satisfactory thermal adhesiveness may not be obtained 11 the
compositional atomic ratio X 1s below 110% ofthe theoretical
value and above 250% of the theoretical value.

The aramid paper may be prepared, for example, by a
method which includes the steps of preparing an aramid paper
in the form of a paper mainly from fibrids and short fibers of
an aramid; and applying a low-temperature plasma treatment
to at least one surface of the aramid paper with a low-tem-
perature plasma treatment apparatus (the imvention of Claim
5). The aramid paper manufactured by the method 1s ther-
mally bondable directly with a nonhydrolyzable resin film.

The low-temperature plasma treatment apparatus 1s pret-
erably of internal electrode system, and the low-temperature
plasma treatment 1s preferably performed at an intensity (out-
put) ranging from 30 W-min/m” to 1500 W-min/m~. This
enables the compositional atomic ratio X (O/C) to be within
the above-specified range. The research made by inventors of
the present invention shows that the compositional atomic
ratio X (O/C) may be smaller when the intensity of the low-
temperature plasma treatment 1s lower than the above-men-
tioned range, and that the compositional atomic ratio X (O/C)
may be larger when the intensity of the low-temperature
plasma treatment 1s higher than the above-mentioned range.
Desirable thermal adhesiveness may not be obtained 1n each
case. The intensity of the low-temperature plasma treatment
more preferably ranges from 130 W-min/m~ to 1200 W-min/
m”.

The present invention is further characterized in that the
above-mentioned aramid paper subjected to the plasma treat-
ment 1s thermally bonded directly with at least one side of the
nonhydrolyzable resin film (the mvention of Claim 7). The
aramid paper exhibits thermal adhesiveness at temperatures
suificiently lower than the melting point of the nonhydrolyz-
able resin film and 1s thermally bondable directly with the
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nonhydrolyzable resin film without using an adhesive. The
resulting laminate between the aramid paper and the resin
f1lm 1s of high quality and 1s inexpensive.

The aramid-resin film laminate according to the present
invention 1s usable as an electrical insulation matenial that
exhibits high performance. The laminate 1s preferably usable
as an insulation material typically in transformers, electric
motors, and electric generators. It 1s especially preferably
usable as msulation material typically 1 electric motors of
hybrid vehicles that require excellent heat resistance and sat-
isfactory resistance to hydrolysis. The thickness of the non-
hydrolyzable resin film 1s not critical and may be suitably set
depending on the purpose and end use of the laminate.

In another embodiment of the present invention, there 1s
provided an electrical insulation material as follows.

The electric rotating machine-use msulation material 1s to
be inserted 1n each slot of an 1ron core of an electric rotating
machine and has a wedge-shaped cross section. The wedge-
shaped 1nsulation material comprises an adhesive-free lami-
nate of an aramid paper and a polyphenylene sulfide film, the
aramid paper made from aramid fibers and aramid pulp, the
aramid paper and the polyphenylen sulfide film having been
subjected to plasma surface treatment, the laminate having a
three-layered structure of the aramid paper, the polyphenylen
sulfide film, and another ply of the aramid paper 1n this order
or having a two-layered structure of the aramid paper and the
polyphenylen sulfide film, the layered structure with adhe-
stve-Tree non-melting compression bonding.

As used herein the term “nonhydrolyzable resin film”
refers to a film of a resin that does not suifer from hydrolysis,
and a representative example thereof 1s a polyphenylene sul-
fide (PPS).

The nonhydrolyzable resin film has preferably been sub-
jected to a treatment for the improvement of adhesiveness, for
more satisfactory adhesiveness with the aramid paper. The
research made by mventors of the present invention demon-
strates that at least one side of the nonhydrolyzable resin film
betore thermal bonding preferably has a compositional
atomic ratio X (O/C) of the number of oxygen atoms (O) to
the number of carbon atoms (C) ranging from 102.5% to
110% of a theoretical atomic ratio.

Exemplary techniques for improvement of the nonhydro-
lyzable resin film surface include a corona treatment and a
low-temperature plasma treatment. The treatment intensity
(output) 1n the low-temperature plasma treatment can be
selected according to the type of nonhydrolyzable resin film,
the type and performance of the treating apparatus. The appa-
ratus, electrodes, and other conditions for the low-tempera-
ture treatment are not limited but may be those well known 1n
the art.

The technique for thermally bonding the aramid paper
directly with the nonhydrolyzable resin film without using an
adhesive to give the aramid-resin film laminate 1s not limited
to the above-described manner. For example, one of known
procedures such as hot press, hot roller, hot air, and ultrasonic
wave may be selected according to a purpose of the laminate.
In this case, the bonding 1s preferably performed at a tem-
perature which 1s as low as possible and 1s equal to or lower
than the melting point of the nonhydrolyzable resin film.
Consequently, the nonhydrolyzable resin film can be pre-
vented typically from deterioration, and this gives a high-
quality laminate.

Exemplary combinations of the aramid paper and the non-
hydrolyzable resin film 1n the aramid-resin film laminate
include patterns of A/A, A/B/A, B/A/B, and A/A/B/A, 1n
which symbol A refers to the aramid paper and symbol B
refers to the nonhydrolyzable resin film.
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The aramid paper and the method for manufacturing the
same, according to embodiments of the present mmvention,
enable thermal bonding or low-temperature bonding of the
aramid paper with anonhydrolyzable resin film without using
an adhesive. The aramid-resin film laminate according to an
embodiment of the present invention has both high heat resis-
tance derived from the aramid paper and high insulation and
resistance to hydrolysis derived from the nonhydrolyzable
resin film. The laminate also excels 1n elasticity, 1s relatively
iexpensive, and has high quality.

The PPS resin has characteristic properties not causing the
hydrolysis thereot and having excellent electrical insulation
properties and heat resistance. Therefore, it 1s suitable for an
insulation material to use 1n an environment having moisture.
On the other, the aramid paper although trails the PPS resin in
terms of the electrical insulation properties, 1t 1s superior in
mechanical strength and heat resistance to the PPS film.
Therefore, a realization 1n the laminate of the aramid paper
and the PPS film although has been desired in insulation fields
where the msulation material 1s used 1n severe environment,
for example automobile engine room. Incidentally, 1t was
thought that the realization 1s difficult in general because the
PPS film 1s inferior in adherability of laminate plies (The PPS
f1lm has characteristic properties of peeling oif easily 1n short
time even when boding 1t to the different material with an
adhesive). Under these circumstances, the inventors of the
present invention work toward the realization of the laminate
of the aramid paper and the PPS {ilm, and after much trial and
error, they could realize the epoch-making aramid-PPS lami-
nation with excellent adhesive-free non-melting compression
bonding 1n peel strength by the present invention needless to
say the electrical insulation properties, hydrolysis resistance,
mechanical strength, chemical resistance, and heat resis-
tance.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram of a laminating-bonding,
apparatus for use 1n a first embodiment of the present imnven-
tion;

FIG. 2 1s a schematic diagram of a laminating-bonding
apparatus for use 1 a second embodiment of the present
invention;

FIG. 3 1s a schematic diagram of a laminating-bonding
apparatus for use 1n a third embodiment of the present mnven-
tion;

FIG. 4 1s a schematic diagram 1llustrating roll-bending
compensation 1n an embodiment of the present invention;

FIG. 5 1s a diagram 1llustrating how rolls bend;

FIG. 6 1s a perspective view of an isulation material hav-
ing a wedge-shaped cross section, to be arranged 1n a slot of
an 1ron core of rotating electric machinery;

FIGS.7A and 7B are perspective views 1llustrating how the
insulation material 1s 1nserted 1nto the slot 1n a stator of the
rotating electric machinery; and

FIG. 8 1s a cross-sectional view of the wedge-shaped 1nsu-
lation material.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Embodiments of the present invention will be explained
with reference to several examples below and the attached
drawings. Examples 1 to 5 are laminates of an aramid paper
and a resin film laminates according to the present invention,
as shown 1n Table 1 which 1s explained later. Each of these
aramid-resin {ilm laminate includes a nonhydrolyzable resin
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f1lm and the aramid paper thermally bonded directly with one
side of the nonhydrolyzable resin film without using an adhe-
SIVE.

The aramid paper 1s made mainly from fibrids and short
fibers of a poly-m-phenyleneisophthalamide (m-aramid) and
formed 1nto a paper. The aramid paper has a surface (thermal
bonding face) to which a low-temperature plasma treatment
has been applied such that the surface be thermally bondable
directly with another sheet of aramid paper of the same mate-
rial or a nonhydrolyzable resin film. The surface (thermal
bonding face) of the aramid paper has a compositional atomic
ratio X (O/C) of the number of oxygen atoms (O) to the
number of carbon atoms (C) ranging from 110% to 250% of
a theoretical atomic ratio. The number of carbon atoms (C)
and the number of oxygen atoms (O) are obtained by mea-
surement on the surface of the aramid paper through X-ray
photoelectron spectroscopy (XPS). The theoretical atomic
ratio refers to the value of an atomic ratio (by number) cal-
culated based on a resin composition of the aramid paper.

Specifically, a commercially available aramid paper (e.g.,
“Nomex® #4117 supplied by DuPont U.S.A.) was used as the
aramid paper in Examples 1 to 5. The aramid paper has a
thickness of 2 mil (30 um). The low-temperature plasma
treatment was applied to a bonding side of each aramid paper
by a low-temperature plasma treatment apparatus 100 of the
iner electrode system while the condition (treatment inten-
sity) was varied. The apparatus 100 will be described later.
The treatment intensity ranges from 30 W-min/m~ to 1500
W-min/m”. More specifically, the treatment intensity is set to
50 W-min/m~ in Example 1; set to 130 W-min/m* in Example
2; set to 650 W-min/m” in Example 3; set to 1120 W-min/m”
in Example 4; and set to 1400 W-min/m” in Example 5.

FIG. 1 illustrates how a low-temperature plasma treatment
1s performed by the low-temperature plasma treatment appa-
ratus 100. The low-temperature plasma treatment apparatus
100 includes a hermetically sealable treatment chamber 102,
which comprises a roller 103 for plasma treatment. An elec-
trode 104 1s provided so as to surround the roller 103 with a
slight gap being present therebetween. The electrode 104 1s
connected to a high-frequency power source 105, and the
treatment roller 103 1s grounded (not shown). A valve 106
connected to a vacuum pump (not shown) 1s opened so that
the interior of the treatment chamber 102 1s depressurized. A
valve 107 connected to a gas source (not shown) so that a
treatment gas such as argon or nitrogen 1s supplied to a treat-
ing (discharge) portion. A pressure gage 108 1s provided for
measuring the pressure 1n the treatment chamber 102.

An aramid paper F (original paper) before treatment 1s
drawn out of a roll thereof located at a supply section 109.
While guided by plural guide rollers 110 1n the treatment
chamber 102, the aramid paper F 1s wound on a take-up reel
111 nearly one turn so as to pass through the gap between the
treatment roller 103 and the electrode 104. After the plasma
treatment has been carried out at the gap under the electrode
104, the aramid paper F 1s re-wound up onto the take-up reel
111 while being guided by the guide rollers 110. The low-
temperature plasma treatment 1s applied to both sides of the
aramid paper F (or thermal bonding face alone).

As aresult, the aramid papers of Examples 1, 2, 3,4, and 5
have surface compositional atomic ratios X (O/C) of 127%,
174%, 206%, 213%, and 233%, respectively, of the theoreti-

cal atomic ratio.

A PPS resin film 1s used 1n each of Examples 1 to 5 as the
nonhydrolyzable resin film to be bonded with the aramid
paper.

The PPS resin film has been subjected to a surface treat-
ment for improvement of adhesiveness too. The low-tempera-
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ture plasma treatment apparatus 100 of the mner electrode
system 1s also used for the PPS resin film so that the low-
temperature treatment is carried out at 100 W-min/m~. As a
result, the compositional atomic ratio X (O/C) of the number

of oxygen atoms (O) to the number of carbon atoms (C) of 5

cach film surface ranges from 102.5% to 110% of the theo-
retical atomic ratio.

The plasma-treated aramid paper (A) and PPS resin film
(B) were thermally bonded directly with each other to give an
aramid-PPS resin laminate. Hot press was used for the ther-
mal bonding. The aramid paper (A) and PPS resin film (B)
were superposed on each other and interposed between hot
plates heated, and a pressure (20 kg/cm”) was applied to the
aramid paper (A) and PPS resin film (B) for 10 minutes.
Thereatter, the pressure was discharged, and the laminate 1s
taken out and spontaneously cooled to room temperature.
Thus, a sample product was obtained.

In contrast, each of Comparative Examples 1 and 2 1s also
an aramid-PPS resin film laminate prepared by thermally
bonding an aramid paper (A) and a PPS resin film (B) directly
but has different properties from those of the embodiments
according to the present imnvention. Specifically, no low-tem-
perature plasma treatment 1s applied to the aramid paper (A)
in Comparative Example 1; and a low-temperature plasma
treatment at an excessively high intensity higher than the
above-specified upper limit (1500 W-min/m?) is applied to
the aramid paper (A) 1n Comparative Example 2.

Comparative
Example 1
Example 1
Example 2
Example 3
Example 4
Example 5
Comparative
Example 2

More specifically, commercially available aramid paper
(such as Nomex® #410 supplied by DuPont, U.S.A.) with a
thickness o1 2 mil (50 um) was employed 1n this embodiment.
No low-temperature plasma treatment was applied to the
surface of the aramid paper in Comparative Example 1. As a
result, the compositional atomic ratio X (O/C) of the number
of oxygen atoms to the number of carbon atoms on each film
surface was substantially equal to the theoretical atomic ratio
(100%). The treatment intensity ol the low-temperature
plasma treatment was set to 2050 W-min/m~* in Comparative
Example 2. Consequently, the surface compositional atomic
ratio X (O/C) of the number of oxygen atoms (O) to the
number of carbon atoms (C) was 253% of the theoretical
atomic ratio. The lamination of the aramid paper (A) and the
nonhydrolyzable resin film (B) 1s carried out 1n the same way
as 1n Examples 1 to 5.

Tests were conducted on the aramid-PPS resin film lami-
nates of Examples 1 to 5 and Comparative Examples 1 and 2
to examine interlayer adhesion (peel strength) and bending
workability for verification of the appropriateness of the

present invention. The test results are shown 1n Table 1.
(1) Interlayer Adhesion
A 90 degree peel force was measured at a tensile speed of

50 mm/min with respect to a sample with a width of 10 mm 1n
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accordance with Japanese Industrial Standards (JIS) C6481
using a tensile tester. A sample having a peel force ranging
from 1 N/cm to 0.5 N/cm was determined to be more than a
practical level and good in interlayer adhesion (Good). A
sample having a peel force of 1 N/cm or more was determined
to be particularly excellent in interlayer adhesion (Excellent).
A sample having a peel force ranging from 0.5 N/cm to 0.2
N/cm was determined to be fair 1n interlayer adhesion (Fair).
A sample having a peel force of 0.1 N/cm or less was deter-
mined to be poor in interlayer adhesion (Poor). Samples
showing an interlayer adhesion of fair or higher are accept-

able.
(2) Bending Workability
A sample which had been cut so as to have a width of 11

mm and a length of 30 cm was 1nserted into an automatic
bending machine (supplied by the assignee of the present
application) so as to be bent for evaluation of bending work-
ability. The evaluation was visually made depending upon the
presence or absence of appearance change such as pop-oif or
separation. A sample having no appearance change such as
pop-oll or separation was determined to be acceptable in
bending workability (Good). A sample having an appearance
change such as pop-oif or separation even partially was deter-
mined to be unacceptable in bending workability (Poor) as a
product.

TABLE 1
Aramid paper (A) Evaluation
Plasma treatment Percentage to Bending
intensity theoretical Interlayer workability

Name W - min/m? O/C atomic ratio adhesion  (appearance)
Nomex — 0.15 100 Poor Poor
Nomex 50 0.19 127 Fair Good
Nomex 130 0.27 174 (Good (ood
Nomex 650 0.31 206 Excellent Good
Nomex 1120 0.32 213 (Good (ood
Nomex 1400 0.35 233 Fair Good
Nomex 2050 0.3% 253 Poor Poor
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As 1s demonstrated by the test results, all the aramid-PPS
resin laminates containing aramid papers obtained from
Examples 1 to 5 show good appearance after the bending
working tests and have such bending workability as to have
no problem in practical use. They also show superior inter-
layer adhesion.

In contrast, Comparative Example 1 whose aramid paper
has not been subjected to a low-temperature plasma treatment
shows no adhesion between the aramid paper and the PPS
resin film. Comparative Example 2 does not show satistactory

interlayer adhesion, as the low-temperature plasma treatment
was applied to the aramid paper at an intensity higher than

1500 W-min/m” to thereby render the compositional atomic
ratio X (O/C) to be higher than 250% of the theoretical atomic
ratio.

(3) Relation of Interlayer Adhesion with Bonding Tem-
perature and Bonding Pressure

Next, how the interlayer adhesion between the aramid
paper and PPS resin film varies depending on the pressure and
temperature of bonding was examined. The results are shown

in Table 2.
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TABL.

(L]

2

Bonding pressure (kef/ecm?)

50 70 100 150
Bonding 100  Poor Poor Poor Good
temperature 120 Poor Fair (Good Excellent
(° C.) 140  Excellent Excellent Excellent Excellent
160  Excellent Excellent Excellent Excellent
180  Excellent Fxcellent LExcellent Excellent
200  Excellent Excellent Excellent Excellent
250  LExcellent Fxcellent LExcellent Excellent

Bonding between the aramid paper and PPS resin film was
performed at varying temperatures of 100° C., 120° C., 140°
C., 160° C., 180° C., 200° C., and 250° C. and at varying
pressures of 50 kgf/cm”, 70 kgf/cm?, 100 kgf/cm®, and 150
kgf/cm®, respectively, as given in Table 2. Bonding between
the aramid paper and PPS resin {ilm, both of which had been
subjected to a plasma treatment, was performed at these
bonding temperatures and bonding pressures, and how the
interlayer adhesion varies was examined. The evaluation of
the interlayer adhesion was performed according to the cri-
teria as i Table 1. The bonding was performed at the set
temperature and pressure for 3 minutes.

Data 1n Table 2 demonstrate that the interlayer adhesion
increases with an elevating bonding temperature and with an
increasing bonding pressure; and, in particular, good inter-
layer adhesion can be ensured even at a low bonding tempera-
ture of 100° C. when the bonding pressure is 150 kgf/cm?. As
1s demonstrated above, the temperature of bonding between
the aramid paper and PPS resin film can be lowered by
increasing the bonding pressure. Typically, suificient bonding
strength between the aramid paper and PPS resin film can be
exhibited even at a bonding temperature lower than 100° C.
by setting the bonding pressure to higher than 150 kgf/cm?.
Accordingly, the temperature and pressure ol bonding
between the aramid paper and PPS resin film can be suitably
set depending on a desired bonding strength (interlayer adhe-
s101).

Another embodiment (plasma treatment+low temperature
high pressure bonding) of the present invention, an aramid
paper-PPS laminate 1s manufactured by subjecting an aramid
paper and a PPS film to plasma surface treatment; laminating,
these members; and applying to them a pressure in terms of
linear load of 500 kgt/cm or higher with a pair of press rolls at
a roll temperature o1 30° C. or higher but lower than 50° C., or
applying to them a pressure in terms of linear load of 200
kgt/cm or higher with a pair of press rolls at aroll temperature
of 50° C. or hugher but lower than 100° C.

The aramid paper i1s called 1n detail as m-aramid paper
which 1s also known under the trademark of Nomex® owned
by E.l. du Pont de Nemours and Company, U.S.A, and made
from aramid fibers and aramid pulp which are comprised of
poly-meta-phenyleneisophthalamid (namely meta-aramid),
or copolymer or mixed copolymer including the meta-aramid
as a main component. Components to be copolymerized or
mixed to the meta-aramid and the amount of the components
are not limited particularly insofar as not losing characteristic
properties of meta-aramid. For example, such components
are at least one of terephthalic acid, p-phenylenediamine,
hexamethylenediamine, cyclohexamethylenediamine and

the like.
A product sold under the trade name of TORELINA®

(trademark owned by of Toray Industries Inc.) 1s used as the
PPS film.
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The PPS has a melting point of about 285° C., and the
aramid shows no clear melting point. The present inventors
have found that the manufacturing method according to an
embodiment of the present imvention enables continuous
lamination and bonding of an aramid paper and a PPS {ilm to
form a laminate through relatively low-temperature thermo-
compression bonding without using an adhesive, even at tem-
peratures (30° C. or higher but lower than 100° C.) signifi-
cantly lower than the melting point of the PPS. Specifically,
the continuous lamination and bonding without using an
adhesive 1s achieved by subjecting the aramid paper and the
PPS film to a pretreatment (surface modification) with a low-
temperature plasma treatment and applying to the laminate a
pressure 1n terms of the predetermined linear load or higher
with a pair of press rolls. A very thin interface layer of several
nanometers thick 1s found between the aramid paper layer and
the PPS film layer through microscopic observation.

This indicates that a surface layer of somewhat porous
aramid paper 1s directly bonded with a surface layer of the
PPS film. Though 1t has not yet been suificiently clarified that
the interface layer has what structure and has what function,
this can be one of features of the adhesive-iree aramid paper-
PPS film laminate according to the present invention.

The thicknesses of the aramid paper and PPS film 1n the
laminate are not especially limited. For example, when the
laminate 1s used typically as a sheet-, tape-, or ribbon-form
insulation material, the aramid paper practically has a thick-
ness of from 30 to 150 um, and the PPS film practically has a
thickness of from 50 to 200 um. Accordingly, the total thick-
ness of the laminate, 11 having a two-layered structure of the
aramid paper and the PPS film, 1s preferably from 80 to 350
um; and the total thickness of the laminate, 11 having a three-
layered structure of the aramid paper, the PPS film, and
another ply of the aramid paper arranged in this order, 1s
preferably from 110 to 500 um.

In the aramid-PPS laminate, the temperature under the
press rolls 1s preferably equal to or lower than the melting
point of the PPS film (about 260° C. 1n filmed PPS). It has
been verified that the manufacturing method according to the
present mnvention enables lamination bonding (compression
bonding) without using an adhesive even under conditions of
temperatures (30° C. or higher but lower than 100° C.) sig-
nificantly lower than the melting point of the PPS film, 1.e.,
such low temperatures that are unexpected 1n common ther-
mocompression bonding techniques. If the laminate has been
heated at a temperature higher than the melting point, the PPS
in the laminate recrystallizes during cooling, thereby loses 1ts
flexibility or becomes fragile. The resulting laminate thereby
becomes less handleable and has insuificient characteristic
properties. The laminate preferably has a three-layered struc-
ture including an aramid paper, a PPS film, and another ply of
aramid paper arranged in this order, or a two-layered structure
including an aramid paper and a PPS film. Specific examples
of the PPS include TORELINA (registered trademark of
Toray Industries, Inc.) supplied by Toray Industries, Inc.

The aramid paper 1s arranged on one or both sides of the
laminate, and the PPS film 1s arranged as a core material of the
laminate, because the aramid paper ensures satisfactory elec-
trical insulation, chemical stability (chemical resistance), and
heat resistance, while the PPS ensures not only satisfactory
chemical stability and heat resistance but also superior elec-
trical insulation and gas-liquid impermeability.

Electrical insulation materials composed of such adhesive-
free aramid-PPS laminate are usable as insulation structures
for electric rotating machines (e.g., a generator, motor, or
generator-motor) which 1s used under severe conditions of
temperatures, such as 1n an automotive engine room. Addi-
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tionally, the adhesive-free aramid-PPS laminates help the
resulting insulation materials to reduce the total thickness
thereol, because they have no adhesive layer and the total
thickness can thereby be reduced by the thickness of the
adhesive layer. Typically, such an adhesive layer (adhesive
agent) generally has a thickness of about fifty and several
micrometers, and if a three-layered laminate including an
aramid paper, a PPS film, and another ply of aramid paper
turther includes adhesive layers between the respective layers
(in this case, the laminate has a total of five layers including
two adhesive layers), the resulting laminate has a total thick-
ness about hundred and several micrometers larger than that
of original one without adhesive layers. With an increasing
thickness thereof, an insulation material shows a decreasing,
heat dissipation. When the insulation material 1s used for
insulation between a winding (coil) and an 1ron core, such an
increasing thickness causes the coil to show a decreased heat
dissipation, and this 1 turn causes a decreased output
(power). The laminate according to the present invention,
however, can have a reduced thickness because 1t does not
require an adhesive, and the PPS film much excels 1n electri-
cal msulation. These compounded factors contribute to the
reduction of total thickness of the insulation material. This
therefore provides an insulation structure that satisfies work-
ing conditions even under high-temperature conditions of
around 180° C. and 1s optimal typically 1n electric rotating
machine for use 1n vehicle, which electric rotating machine 1s
required to be down-sized and to generate higher power even
in a severe temperature environment such as 1n an engine
room.

The press rolls are preferably composed of a rigid material
having high ngidity. If using known-methods that a combi-
nation of a rubber roll and a metal roll has been used, the
rubber roll deforms 1n 1ts pressing face so that a sulificient
pressing force 1s not applied to the laminate. When a pair of
press rolls, such as metal rolls, made ol rigid materials that are
more rigid than the rubber rolls are used, a suificient pressing,
force can be applied to the laminate.

In the method for manufacturing an adhesive-free aramid-
PPS laminate, the press rolls preferably have a flexure com-
pensation device of roll bending type, whereby control the
magnitude of bending (namely flexure) of the rolls. Even 1t
rigid press rolls, such as metal rolls, are used, the rolls may
slightly deform 1n their pressing faces that sandwich the lami-
nate. As a result, there are problems such as insuificient
pressurizing force or a partially biased pressure to the lami-
nate. In order to compensate or correct the bending (tlexure)
and to apply a sullicient pressurizing force, 1t 1s desirable to
install the flexure compensation device of roll bending type.

The flexure compensation device will be 1llustrated 1n detail
later.

It 1s preferable that at least the press rolls are arranged 1n an
atmosphere whose temperature 1s controllable. In order to
keep a desired temperature of at least a device for pressing-
laminating the laminate, a temperature control device
equipped with a pre-heating zone and a slow cooling zone
may be arranged. Although the lamination bonding may be
performed at room temperature, it 1s preferable to keep the
PPS film at a temperature higher than room temperature but
lower than the melting point of the PPS so as to increase a
bonding speed and suiliciently lower the pressurizing force.

In an apparatus for manufacturing the adhesive-iree ara-
mid-PPS laminate, the flexure compensation device of roll
bending type 1s preferably arranged 1n a means whose tem-
perature 1s controllable. In addition, the flexure compensation
device of the roll bending type 1s preferably constituted to
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apply independent or different compensation amounts to
right shait and/or left shait of the rolls.

In the present invention, the plasma surface treatment 1s a
chemical plasma treatment using a direct current, alternating
current, or high frequency, carried out 1n vacuum or various
atmospheres, that include corona discharge (approximately
in atmospheric pressure) and glow discharge (vacuum or
under reduced pressure). According to the plasma surface
treatment, the surfaces of the aramid paper and PPS film (also
referred to as “PPS sheet™) are modified to thereby form some
types of functional groups such as COOH or OH groups in the
surface of the aramid paper and PPS film. As a result of the
surface modification 1t 1s possible to strongly bond the aramid
paper and PPS film at arelatively low temperature o1 30° C. or
higher but lower than 100° C. This phenomenon 1s a very
peculiar one and cannot be presumed from the description of
the above-mentioned patent documents. Since the plasma
treatment 1tself has been well known as a method of increas-
ing bonding property of different resins, the detailed expla-
nation on this technology 1s omitted. One example 1s that,
when using an inner electrode type plasma treatment, 1t 1s
preferable to have an intensity ranging from 30 w-min/
m~~1500 w-min/m~.

FIG. 2 1s a schematic diagram of a compression-bonding,
apparatus for a laminate, for use in the above mentioned
another embodiment (plasma treatment+low temperature/
high pressure bonding). In the apparatus shown 1n FIG. 2, an
aramid paper 5 1s sent out from reels 3 and 4 for aramid paper,
and a PPS film 7 1s sent out from a reel 6 for PPS film, and they
are fed between a pair of metal rolls 1 and 2, to be laminated
in three layers (to form a sandwich structure). The laminate 1s
pressurized and integrally bonded by the rolls without using
an adhesive. The adhesive surface of the aramid paper 5 and
both sides of the PPS film 7 have been subjected to surface
treatment with plasma before lamination.

In order to detect and to compensate or control a pressure of
the rolls, the apparatus further includes a pressing down
device (roll pressure device) 9 with a controller. Though
varying depending on the temperature conditions of the press
rolls, the pressure 1s preferably set 1n terms of linear load of
500 kgi/cm or higher applied by a pair of press rolls at a
temperature of 30° C. or higher but lower than 50° C.; orit1s
preferably set 1n terms of linear load of 200 kgf/cm or higher
applied by a pair of press rolls at a temperature of 50° C. or
higher but lower than 100° C. Rotating speed of the rolls are
set by controlling the rotating speeds of the unwinding shafts
and winding shait so as to give a constant tension force to the
film and paper at positions of back and forth of the rolls.

For a more accurate speed control, a transfer speed of the
laminate by the rolls may be detected with a detector 10 and
the detected speed may be feed-backed to the roll rotating
speed. A transfer speed optimum for the manufacture of the
laminate may vary depending on the pressure force and tem-
perature. The higher the pressure force and higher the tem-
perature, the higher the transfer speed becomes. At some
transier speeds, the preheating temperature or the roll tem-
perature may be set to a temperature of 30° C. or higher but
lower than 100° C. so as to raise the temperature of the
maternal to an effective temperature by the action of the pre-
heating or heat transferred from the rolls. The laminate 8 after
laminating and bonding 1s wound as a product by the winding
reel 11.

Conditions for the laminating-bonding apparatus using
rolls are a homogeneous load over the width of the laminate
and constant temperature 1n the surfaces of the rolls (in width
and circumierential directions). In order to achieve the con-
ditions, it 1s preferable to utilize rolls with high precision
(e.g., high cylindricity, high circularity, and small deflection),
the roll flexure compensation mechanism, and a surface tem-
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perature control mechanism (for example, the use of aheating
medium circulating roll).

FIG. 3 shows a laminating-bonding apparatus for use in
another embodiment, 1n which the same reference numerals
as 1n F1G. 2 designate the same components. The embodiment
in FI1G. 3 differs from one 1n FIG. 2 1 disposition of rolls that
are arranged 1n a pre-heating and slow-cooling zone 12.
According to this apparatus, the papers and film are pre-
heated and slowly cooled so as to avoid quick heating and
rapid cooling of the papers and film to thereby prevent
wrinkles and other defects due to quick heating and rapid
cooling of the papers and film. In addition, there may be a case
where the papers and film cannot be heated sulficiently to heat
them to a desired temperature by contacting them with the
rolls because the contact time 1s short. The pre-heating and
slow-cooling zone carries out pre-heating of them to compen-
sate necessary heat to thereby increase productivity. A con-
troller 18 for detecting temperature of the pre-heating and
slow-cooling zone 12 1s arranged. In FIGS. 2 and 3, the roll
pressure device 9 1s shown above the rolls for illustration, but
the roll pressure device 9 1s actually fixed to the supporting
member of the roll shatt.

In the embodiment according to the present invention, a
pair of rolls 1s preferably made of more rigid (high rigidity)
iron-base materials, but, as shown in FIG. 5, an intermediate
portion of the rolls may be bent during lamination and bond-
ing so that a suificient pressure force may not be given to the
laminate or biased pressure force may be given to the lami-
nate. In order to solve this problem, a roll flexure compensa-
tion mechanism 13 1s provided 1n addition to the roll pressure
device 9 to change or correct a roll profile within a short time.
An example of this method 1s shown 1n FI1G. 4. With reference
to FIG. 4, a pressure force F 1s applied to shaits 14 and 15 of
the rolls 1 and 2. Independently, a pressure P 1s applied to the
shafts from an opposite direction of the pressure force F 1n
order to prevent such a case where a constant and sufficient
pressure force 1s not applied to the laminate 8 because the
shaits 14 and 15 of the rolls 1 and 2 sandwich the laminate 8
to bend to be curved as shown in FIG. 4. This method 1s called
a roll flexure compensation. The roll flexure compensation
should preferably be done independently with respect to the
right and left roll pressure devices.

Table 3 shows different conditions 1n the Examples (em-
bodiments) 6-20 according to the present invention and Com-
parative Examples 3-5 and characteristic properties of lami-
nates produced under the conditions. Aramid papers having,
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thicknesses of 125 um and PPS film having a thickness of 125
um, each of which had been subjected to plasma surface
treatment, were laminated and bonded with the apparatus
shown 1 FIG. 3 to produce laminates of a three-layered
sandwich structure of aramid paper-PPS film-aramid paper
under the conditions given 1n Table 3.

The produced adhesive-free aramid-PPS laminates
showed characteristic properties shown 1n the evaluations of

bonding 1n Table 1.
The evaluations of bonding were performed at a “target

bonding strength (peeling strength) 1n terms of cohesive fail-
ure strength of about 0.3 N/cm or higher”. Under the condi-
tions, a 180-degree peel test of each of the sample laminates
was performed at a rate of 10 mm/min 1n an area of 10 mm
wide and 150 mm long according to the method specified in
Japanese Industrial Standards (JIS) K-6854-2. Samples that
did not undergo peeling but undergo cohesive failure of the
aramid paper (about 0.3 N/cm or higher) were evaluated as
being accepted (good or excellent).

The evaluations of bonding demonstrate that, when the
temperature of the rolls was set to 30° C., samples pressed
under a linear load of the rolls of 500 kgf/cm or higher were
evaluated as being “good”, and those pressed under a linear
load of the rolls of 700 kgi/cm or higher were evaluated as
being “excellent”. When the temperature of the rolls was set
to 50° C., samples pressed under a linear load of the rolls of
200 kgt/cm or higher were evaluated as being “good”, and
those pressed under a linear load of the rolls o1 300 kgt/cm or
higher were evaluated as being “excellent”. When the tem-
perature of the rolls was set to 80° C. and 90° C., samples
pressed under a linear load of the rolls o1 200 kgi/cm or higher
were evaluated as being “excellent”. These results demon-
strate that, with an elevating temperature of the rolls, lamina-
tion bonding without using an adhesive 1s enabled even under
a lower linear load of the rolls.

Though varying depending on the roll temperature and
linear load, the roll sending speed (a drawing speed of paper
or film from a reel) may be determined according typically to
the productivity and cost of the laminates. In the examples
shown 1n Table 1, the sending speed of 0.5 m/min or more 1s
preferred, and the rewinding speed of from 1 to 20 m/min 1s
more preferred.

With reference to the evaluations of bonding of laminates,
those showing particularly good bonding properties were
laminated and bonded under proper transier speeds (roll
rewinding speeds) and proper linear loads at proper tempera-
tures.

TABLE 3

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Material aramid paper-PPS-aramid paper (aramid paper: Nomex ® type #411, without calendering)
Thickness of aramud 125 125 125 125 125 125 125 125 125 125 125 125 125 125 125 125 125 125
paper before
lamination (pm)
Thickness of PPS 125 125 125 125 125 125 125 125 125 125 125 125 125 125 125 125 125 125
film before
lamination (pm)
Roll temperature 30 30 30 30 30 30 50 50 50 50 50 50 80 80 80 95 95 95
(*C.)
Laminate transier 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
speed (Im/min.)
Roll linear load 200 300 400 500 700 1000 200 300 400 500 700 1000 200 500 1000 200 500 1000
(kgt/cm)
Total thickness of 255 2535 235 225 225 225 225 225 225 225 225 225 225 225 225 225 225 225
laminate (um)
Bonding evaluation D D C B A A B A A A A A A A A A A A

Symbols D: easily peelable C: peelable B: good bonding A: excellent bonding
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In Table 3, the roll temperatures of the press rolls are set
torth from 30° C. to 95° C. As these temperatures are signifi-
cantly lower than the melting point of the PPS, the fact that
aramid paper and PPS film are firmly bonded with each other
under these conditions would not have been expected. In this
point, the present invention principally differs from the tech-
nologies disclosed 1n Patent Documents 1 to 3 in which bond-
ing 1s conducted by melting polyesters.

Next, an embodiment in which an adhesive-free aramid-
PPS laminate 1s used as an insulation maternial (insulation
structure) for an electric rotating machine will be illustrated
with reference to FIGS. 6 to 8.

FIG. 6 1s a perspective view of an insulation material 20
having a wedge-shaped cross section to be mounted to slots of
an 1ron core of electric rotating machine. FIGS. 7A and 7B are
perspective views showing how the insulation material 20 1s
iserted into slots 22 provided 1n a stator 21 of the electric
rotating machine. The slots 22 are illustrated herein in a
simplified number for the sake of convenience upon drawing.
In FIG. 7A, the msulation material 20 1s imnserted 1n only one
ofthe slots 22; whereas, 1n FIG. 7B, the insulation material 20
1s 1nserted 1n all the slots 22.

With reference to FIG. 6, the wedge-shaped insulation
material 20 has a V-shaped cross section before being imnserted
into the slot 22, and it 1s mserted nto the slot 22 through
clastic deformation due to 1ts flexibility so as to fit the inner
shape of the slot 22. With reference to the cross-sectional
view of FIG. 8, the wedge-shaped insulation maternial 20 1s a
three-layered laminate which includes an aramid paper 20C,
a PPS film 20A, and another ply of aramid paper 20B
arranged 1n this order from the slot surface, in which the
aramid papers and the PPS film have been subjected to plasma
surface treatment before lamination, and the aramid papers
are each composed of an aramid fiber and an aramid pulp.
These layers are laminated and bonded with each other
through non-melting compression bonding without using an
adhesive. The mnsulation material 20 1s obtained by manufac-
turing the three-layer laminate (sheet) by the manufacturing,
method according to an embodiment of the present invention,
in which the laminate includes an aramid paper, a PPS film,
and another ply of aramid paper arranged 1n this order; and
punching and bending the laminate. The nsulation material
alter punching and bending 1s automatically inserted into a
stator; therealfter a wire 1s 1inserted 1nto the slots to form a coail;
the resulting work 1s subjected to lacing; 1s fixed to an
assembled stator by resin application and bonding; and
thereby yields a stator as a finished piece.

This embodiment gives the following advantages particu-
larly when being used as an insulation structure of a stator of
clectric rotating machine (a generator, a motor, or a generator-
motor) to be used under severe high temperature conditions,
as 1n an automotive engine room. Specifically, the mnsulation
material as an adhesive-iree aramid-PPS laminate can have a
reduced thickness because 1t does not include an adhesive
layer. Additionally, the PPS film (PPS layer) much excels 1n
clectrical insulation. These compounded factors contribute to
the reduction of total thickness of the insulation material. This
therefore provides an 1insulation structure that satisfies work-
ing conditions even under high-temperature conditions at
around 180° C. and 1s optimal typically 1n vehicle electric
rotating machine that 1s required to be down-sized and to
generate higher power even 1n a severe temperature environ-
ment such as 1n an engine room. The msulation structure 1s
elfective not only for nsulation 1n the slots but also for the
insulation in other portions, such as connectors between coil
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ends 1n edges of the stator. Further, the insulation structure
can also be widely applicable to the insulation matenal of
other than the electric rotating machine. The 1nsulation struc-
ture can also be a two-layered laminate having an aramid
paper and a PPS film arranged in this order from the side
facing the slot or be a laminate of four or more layers includ-
ing aramid papers and PPS films, in which the aramid paper
and PPS film have been subjected to plasma surface treat-
ment.

As 1s described above, according to embodiments of the
present invention, there are provided aramid-PPS laminates
that show superior bonding without using an adhesive.

What 1s claimed 1s:

1. A method of manufacturing an adhesive-iree laminate of
an aramid paper and a polyphenylene sulfide film, comprising
the following steps of:

providing the aramid paper made from aramid fibers and

aramid pulp and subjected to a plasma surface treatment,
wherein the aramid paper has a thickness of 30 to 150
pu,

providing the polyphenylene sulfide film subjected to a

plasma surface treatment, wherein the polyphenylene
sulfide film has a thickness of 50 to 200 um, and
laminating and bonding the plasma surface treated aramid
paper and the plasma surface treated polyphenylene sul-
fide film at a roll temperature of 30° C. or higher but
lower than 50° C. under a linear load of 500 kgi/cm or
higher with a pair of press rolls, or at a roll temperature
of 50° C. or higher but lower than 100° C. under a linear
load of 200 kgi/cm or higher with a pair of press rolls.

2. The method according to claim 1, further comprising a
flexure compensation device configured to apply a pressure to
shafts of the pair of press rolls from an opposite direction of
the pressure of the linear load to prevent deviations from a
constant and suflicient pressure force that might be caused by
bending of the shafts of the pair of press rolls.

3. The method according to claim 2, wherein the laminate
has a three-layered structure of the aramid paper, the polyphe-
nylene sulfide film, and another ply of the aramid paper lami-
nated 1n this order or has a two-layered structure of the aramid
paper and the polyphenylene sulfide film.

4. The method according to claim 3, wherein the press rolls
are made of a rigid maternal.

5. The method according to claim 3, wherein the press rolls
are placed 1n an atmosphere whose temperature 1s control-
lable.

6. The method according to claim 2, wherein the press rolls
are made ol an 1ron-base material.

7. The method according to claim 1, wherein the laminate
has a three-layered structure of the aramid paper, the polyphe-
nylene sulfide film, and another ply of the aramid paper lami-
nated 1n this order or has a two-layered structure of the aramid
paper and the polyphenylene sulfide film.

8. The method according to claim 7, wherein the press rolls
have a tlexure compensation device of roll bending type, to
thereby compensate the flexure of the rolls.

9. The method according to claim 8, wherein the press rolls
are made of an 1iron-base materal.

10. The method according to claim 7, wherein the press
rolls are made of a ngid matenal.

11. The method according to claim 7, wherein the press

rolls are placed 1n an atmosphere whose temperature 1s con-
trollable.
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